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http://dx.doi.org/10.1016/j.bpj.2015.04.006Melittin is a 26-residue lytic peptide found in bee venom
(1), which bears a resemblance to antimicrobial peptides
and has antimicrobial activity (2). The peptide’s interaction
with membranes has been extensively studied (3). Oriented
circular dichroism and neutron scattering experiments sug-
gested that melittin forms toroidal pores in zwitterionic
membranes under certain conditions dependent on peptide
concentration, lipid composition, temperature, and hydra-
tion (4). Leakage experiments with varying lipid composi-
tions also support the toroidal pore model (5). However,
the precise structure of this pore is still a subject of debate.
The classical toroidal pore is envisioned as a lipidic pore
with peptides embedded in a transmembrane orientation
(4). This picture was challenged by simulations of sponta-
neous pore formation, which showed a more disordered pic-
ture (6,7). Other simulations starting from a transmembrane
bundle (8) or a preformed pore (9–11) were too short to pro-
vide an equilibrated pore structure.
In this work, long all-atom MD simulations were per-
formed on the ANTON Supercomputer (Pittsburgh Super-
computing Center, Carnegie Mellon University, University
of Pittsburgh, Pittsburgh, PA) to determine a putativemelittin
pore structure. Our initial system is a closely packed tetramer
in a membrane with a peptide/lipid ratio of 1:18. Two lipid
compositions were considered: the zwitterionic DMPC and
a 3:1 DMPC/DMPG mixture, with 25% anionic character.
Technical details can be found in the Supporting Material.
Representative snapshots from the DMPC simulation are
shown in Fig. 1. After 1 ms, a state is found with the peptides
highly tilted or bent, lining a small pore along with lipid
headgroups. At this point the pore radius begins to expand,
keeping the pore open for the remainder of the 9-ms simula-
tion. The melittin tetramer is highly dynamic and transitions
between different states where one or two peptides undergoa transition from the transmembrane (I) state to a surface (S)
state. This is shown in Fig. 1 B, where even with one of the
monomers in the S state the pore remains open. Near the end
of the simulation the tetramer returns to a classical toroidal
pore structure where the peptides line the pore and the head-
groups come together from each of the leaflets (Fig. 1 C).
Thus, the pore is highly stable but also highly dynamic.
The frequent transitions suggest that the simulation has
reached a state of at least metastable equilibrium.
Throughout the simulation each of the monomers un-
dergoes at least a small amount of tilting (Fig. S2). Two
of the monomers remain pretty stable throughout the simu-
lation with tilt angles 21–28, consistent with the solid-state
NMR values of 10–30 in DMPC at high peptide/lipid ratio
(12). One monomer is dynamic enough to fluctuate from its
initial I state to an S state (tilt angle 75–90), as shown in
Fig. 1, B and C. This transition first occurs at ~2 ms and
then two more times at 4 and 7.5 ms. A second monomer
transitions briefly to the S state at ~1.5, 6, and 8 ms (Fig. S2).
The pore radius was calculated at different membrane
depths as a function of time. The minimum pore radius,
which was found near the center of the membrane, is shown
in Fig. 2. After the first microsecond, the simulation clearly
converges to a stable, open pore. The calculated radius is
close to the radii found in dye leakage experiments (12.5–
15 A˚) (13–15) but is significantly smaller than those deter-
mined by neutron scattering (4). The observed pore size in
our simulations may be limited by the relatively small size
of the simulation box.
FIGURE 1 Snapshots of the formation and stabilization of a toroidal pore caused by melittin. (Colored ribbons) Melittin peptides;
(orange spheres) phosphates; (gray spheres) lipids; (red and gray sticks) water. (A) Structure of the preformed pore at 1 ms where
it can be seen that phosphates have entered the membrane, and the peptides are disordered. (B) Structure of the pore after
2.25 ms; the widening of the pore is clear with the presence of an S-state monomer. (C) Final structure at 9 ms with a neatly formed
classical toroidal pore and all of the monomers in the I state. (D) Final structure at 9 ms for the melittin tetramer in DMPC/DMPG where
no stable pore is present. To see this figure in color, go online.
FIGURE 2 Pore radius (in A˚ngstroms) as a function of time (in
microseconds).
Biophysical Letters 2425Fig. 3 shows the average pore radius at different mem-
brane depths over the last microseconds. The shape of the
pore is roughly parabolic and symmetric, indicating equal
contribution of headgroups from each leaflet. The distribu-
tion of the lipid headgroups as a function of membrane
depth over the last microseconds, which mirrors the pore
radius plot, is also shown in Fig. 3. Previous all-atom simu-
lations of ideal toroidal pores found that the ratio of head-
group density in the pore center relative to that on the flat
membrane (the homogeneity factor h) is close to 0.6 (16).
A similar analysis on this pore structure gives h ¼ 0.5.
The slightly lower value could be simply due to the
excluded volume effect by the peptides.
Previous simulation results on melittin and a magainin
derivative using the GROMOS force field (www.gromos.
net) found that the peptides are largely unfolded (6,7,10).
In this simulation using CHARMM, Ver. 36 (www.
charmm.org) (17,18), helicities calculated over the last mi-
croseconds give 69% for the melittin monomer that un-
dergoes the I to S state transition most frequently and 77,
79, and 83% for the other three monomers. The loss of hel-
icity is restricted at the termini, in particular the initial and
final three residues. The remaining central portion of the
peptides is very helical, with values of 86% for the I-S tran-
sitioning monomer, and 96, 99, and 99% for the other three
monomers. High helicity was also observed in a recent
simulation of melittin on the membrane surface (19).
To determine the contribution to pore formation of the
peptide that transitions frequently to the S state, we ran an
additional 2 ms after deleting this peptide and reequilibrating
the system. The pore was found to shrink, and one peptide
separated from the other two (see the Supporting Material).
Thus, it seems that the fourth peptide stabilizes the pore sub-
stantially, whether it is in the I or the S orientation.
The melittin tetramer in 3:1 DMPC/DMPG undergoes
very different dynamics compared to DMPC alone. In this
membrane a stable pore is not formed and one peptide sepa-
rates from the other three (Fig. 1 D). Throughout the simula-tion the peptides remain in the I state and the lipid headgroups
remain on the membrane surface (see the Supporting Mate-
rial for details). Interestingly, several groups reported that
melittin causes leakage preferentially in zwitterionic vesicles
(20,21), while other leakage experiments with anionic lipid
vesicles suggest a detergentlike mechanism that opposes
pore formation (22). In addition, recent electron paramag-
netic resonance experiments in 7:3 DPPC/PG failed to find
evidence of pores (23). On the other hand, toroidal pores
have been recently detected in a POPC/POPG mixture (24).
Clearly, it is not possible to reach a conclusion on the basis
of a single simulation. Future work will need to systemati-
cally address the effect of different lipid properties. It would
also be useful to determine the intrinsic free energy of pore
formation in anionic versus zwitterionic membranes.
The picture that emerges from this work differs from that
proposed in previous simulations (6,7) in a number of ways:
1) the peptides are much more helical, 2) they are not aggre-
gated (average Ca-Ca distances between peptide pairs are
19–30 A˚ over the last microseconds), and 3) at least some
of them have a roughly transmembrane orientation. This
picture is closer to the classical toroidal pore model, but
also has elements of the disordered one in that one or two
peptides can be parallel to the membrane surface whileBiophysical Journal 108(10) 2424–2426
FIGURE 3 Plot of average pore radius and phosphate distribu-
tion as a function of membrane depth (z ¼ 0 at the center of the
membrane). To see this figure in color, go online.
2426 Biophysical Letterslining the rim of the pore (6). This may not be true for other
peptides; similar simulations of magainin and PGLa gave
peptide configurations that are much more tilted (A. Pino-
Angeles, J. M. Leveritt III, and T. Lazaridis, unpublished).
In this work, a tetramer was considered based on avail-
able experimental evidence (25,26). It is necessary to
perform similar simulations of larger systems and other
oligomeric states to determine the optimal aggregate and
its physical determinants.SUPPORTING MATERIAL
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